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RECENT ADVANCES IN TH: CHEMICAL CONSTITUTION OF COAL

B, X, Mazumdar and A. Lahiri,
Central Fuel Hesearch Instilute, Jealgora,
Dhanbad, India

The.-problem of chemical constitution of coal has long remained an intractable one
but intensive work carried within the last dscade in particular has steadily revealel impor-
tant information on the siructural pattern of coal. Since 1952 the concept of the siruc-
tural parameters has emerged amd,broadly speaxing, whatever has been achieved so far
mainly concerns this aspect of coal structure. gy structural parameters is generally
meant the state of combination of carbon, hydrogen and oxygen and their distribution in
the average structural 'unit'. Such knowledge has been obtained from various physical
studies e.g. x-rayl‘ , infra-red9-]l, nuclear magnetic resonance (n.m.r.)+2-L4, proton
spin resonance (p.s.r.)15, electron spin resonance (e.s.r.)16-18 and statistical 24
techniquesl9-23 involving density, refraction, sound velocity, magnetic susceptibility
and other properties.

I . . 25-40 . - .

riscently a nuwaber of chemical technigues have been developed in these labora-
tories vo assess the structural parameters in coal as revealed by physical measurements.
In the main, these constitute oxidation, pyrolysis, and dehydrogenation and have led to
important information on the state of combination of carbon and hydrogen in coal as well
as on the size of the aromatic nuclesus.

AROMAL T CARDON Th COAL:

AN

Caroon is the predominant elsment in coal and the major part of it is oelieved
to be aromatic in character,

Two chemical techniques, namely, ox:i.dat.ionzs’28 and pyrolysisB} have been employad
Dy the authars for the guantitative measurement of the aromatic carvon. It is believed
that oy these mesthods of treatment the non-aromatic structure is preferentially oxidized
or devolatilized leaving the aromatic skeleton of coal unaffected. It may as well be
that the mechanisms of oxidation or pyrolysis of coal are not as simple as that, Hence,
in more recent work#2,43 further support of the validity of the oxidation and pyrolysis
techniques has been obtained by applying the methods on reduced coals. This 1is because
in reduced coals th2 csssential feavures of the original structure are celieved to oe
retcined, but the distribution of carton and hydrogen in two forms, aromatic and' non-
aromatic, are altered.

A geries of vitrzins were reduced with lithium and ethylenediamine following the
technique of I. Wender*+ and his co-workers. This treatment creates fresh hydroaromatic
structure at the expense of the aromatics., The aromaticity of reduced coals can be
theoretically calculated from the amount of hydrogen added during reduction provided that
the aromaticity of the original coalsas determined by chemical technigues are assumed

to be correct. The aromaticity of the reduced coals as determined by oxidation as well

‘as by pyrolysis studies have oeen found to be in excellent agreement with the theoretical

valuss as reproduced42-43 in Tables 1, 2.

Hecent physico-chemic al deductions™ +46,50,66,68 based on infra.red®’ and n-m-r
data especially tioseh5-46 put forward by the authors (Table 3) also give values of
aromzticity which are in good agrsement with those determined by the chemical methods of
oxidation and pyrolysis (fig.l,.. The valuss of aromaticity obtained by chemical tech-
niques can perhaps be taken to be more precise than those deduced sarlier by physical
techniques.
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Now that a precise estimate of aromaticity is available from chemical methods,
1t is of interest to compare such values with those earlier assessed oy a number of
physical techniques. Such comparison is depicted in Fig.2. It is found that the values
of "ordered" carbon obtained by x-ray diffraction studies3 closely fall in line with

the most.acceptables values of aromaticity, Assessment of non-aromatic structure and hence

of the aromatic by infra-red studies is rendered difficult because of the lack of
precise data on extinction coefficient ratio required for computation. Thus no firm
values of aromaticity could be obtained by such methods. - The meferred values of aro-
maticity obtained by I.G.C. Dryden“? by a study of the self-consistency between several
physical techniques are about 5 to 10 per cent higher than those directly obtained by
chemical studies and cannot be reconciled with the values of alicyclicity obtained by
the autha s37.. The values of aromatlclty deduced by any of the statistical technigues
mads by van Krevelen and co-workers:?-23 are also 10-15 per cent higher than thosge
obvained later by chemical techniques (Fig.l). Their values of aromaticity can also
not be reconciled with the most mreferred values of alicyclicity (determined in these
laboratories), because the sum of the two exceeds the total carbon in coal (fable 4).
If the ampunt of methyl carbon is taken into consideration the discrepancy would increase
gti11 further.

It will be of interest to note that the differences betwéen values of aro-
maticity obtained vy different techniques are grezver in the case of cocals of lower
rank, but they tend %o narrow down for higher rank coals, 7This may perhaps be explained
oy the inherent difficulties .in the accurate measurement of the physical parameters
owing to the possible interference oy the presence of more oxygenatea groups in coals
of lower rank,

NON—AEQMAT IC CAEBON
{a) Alicyclic Combination

Information about the disposition and character of the non-aromatic carbon 32-40

in coal has recently been ootained by the authors by a series of dehydrogenation studies
It nhas been shown that the non-aromatic structure of coal is predominantly alicyclic.

The first estimates of al:Lc,‘,'cl:Lclty3 3 were obtained by employing Vesterberg's

technlque of dehydrogenation. The results so obtained were ccnfirmed by another method
of dehydrogenation with iodine, These estimates indicated chat oroadly 10-25 per cent
of the carbon is in alicyclic combination in the bituminous range (carbon : 8C-50 per
cent)., The alicyclicivy progressively diminisnes with increase in rank and is practi-
cally non-existent in the anthracite stage. .

Subsequently, H.:’..Peoverw introduced the benzoquirnone metvhod of denydrpgera-
tion and ootained much higher results. It has recently been shown by the a.ut.hors3 that
the nigher estimates of Peover may have been due To some systematic srror in the polaro-
graphic determination of hydroguinone produced as a result of the dehydrogenation of
coal. In fact, an investigation of the wenzoquinone method in these laboratories has
shown that the chree methods of dehydrogenation viz. by sulphur, iodine and tenzogquinone
are comparaole in so far as the extent of o.ehydrogenauon poss:.ole in different ranks
of coal (Lable 5).

Further, the applicability of Vesterberg's technique in the dehydrogenation
of coal structure has been corrotorated by determinavion of hydroarcmaticity in reduced
coals. It has been found4? that the freshly created hydroaromatic structure in the
reduced coals undergoes dehydrogenation with sulphur guantitatively,apparently without
any side reactions. These results are reproduced in iable 6.

2~
Thus, t.he values of a.h.cychcir,y olegmally presem;ed3 3 from thess
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laocoratwries in 1553 should be treated as largely correct (Fig.3) . In fact, the
amourtt of hydrogen which could be added to coal at any stage of reduction could oe
quantitatively removed®? during dehyirogenation with sulphur (fasle 6). This indicates
that coal struciure is pernaps unique is its chemical reactivity and that the estimates
of alicyclicity ovtained by treatment with sulphur are possibly the maximum values,

An imrediate consequence of dehydrogenation studies has been the recognition
of the factu that the sum of aromatic and alicyclic carvon appears to be virtually
constant at the level of 92 per cent of 'the total carpbon in coal, irrespective of its
rank, from liznite to the hi;hest ran: bituminous coal. Liue same conclusion repeatedly
emergad from the pyrolysis gt.udies on dehydrogsnated coals and coals pre-treated with
different chemical reagerts 7, The aromaticity progressively increases al the expense
of the alicyclic structure, with increase in ranx and tnis appears to be the principal
mechanismhO involved in .geo-cnemical metamorphism of coel in the ‘situminous range, 1lhe
implications of this concept has been discussed elsewherekO and has possioly led to a
bevter undsrstanding of the pattern of coal structure and its variacion during the
geresis of coal., 'Lhe physico-chemiczl deductions later made oy A.i. Gaines?0 as well as
by the present authorski~406 (Tadle 3) also point to this constant feature of coal
structure.

(b) Alipnatic Combination

As the aromatic and alicjyclic carbon constituve about 92 per cent of the total
carbon in coal, the aliphatic carbon would amount to about & per cent, aliempis made
oy several workers’i-53 to estimate the methyl groups in coal by employing Xuan-foth
reaction have indicated tnat nardly 3-4 per cent of the caroon is possibly preseni in
this form. This leaves another 4 per cent of the caribon. unaccounted. From certain
structural considerations the present authors suggested earlier tnat this unaccounted
caroon could also be present?7,40 in the form of metvhyl groups. It is well-known that
Kuhn-iloth method cannot oe applied for the gquantitative determination of C-meithyl groups
linked %o aromatic structure and nence estimates of J-metayl groups by such procedure
can only be minimum values.

1
from recent p.s.r. measurements made by Oth & Tschamler 5 it appears that
30-35 per cent of hyarogsn may be present as constitusntls of J=meth L groups in coal.

This is consisvent with wne authors' view taat abouv & per cent of carbon in coal is

present as methyl groups. Recent physico-chemical deductj.onshj made by the present
autnors also lead to a similar conclusion (Taole 3).

Nevertheless, direct experimental proof for the above supposition is yet to
care. In tnis context the question of the probable presence of angular mstihyl groups
in coal struciure cannot ve disregarded in view of strong indications for the same from
dehydrogenation studies33,

# van Krevzlen &t a.lo7 had questioned the validivy of Vesterberg's technigue in tne
selective denydrogenation of tle alicyclic structure. Further studies38,39 made
since then indicated that side-reactions, it any, appeared to e minor ami, accor-
dingly, a revised estimate of minimum alicyclicity was presented. Howsver in more
recent studiesh? oy tre authors on reduced coals, it appears that, in so far as coal
dehydrogenation is concerned, the Yesterverg's technigue is possibly specific in
the dehydrogenation of the alic; tiic struciure., s fuliler account of the recent
developments is being presented elsewheres?, B




HZOROGEN IN CQAl
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From chemical studies zitempis nave also been made to dstermine the difZerent
forms of hydrogen in coal, aromatic, alicyclic and aliphatic, Oxidation and pyrolysis
techniques have enabled measuremants of hydrogen broadly in two forms - aromatic and
non-aroiatic, OSuch measurements are not in good agreement with those assessed by infra-
red studies. The discrepancy bestween these two sets of estimates .is possibly dus to
inherent difficulties in the measurements of odviczl demnsity and its interpretation
which requires precise values for the extinction coefficient ratio. The estimates of aro-
matic and non-aromatic hydrogen made oy the authors oy oxidation and pyrolysis are
mitually consistent (Fig.h), Further, it has been rscently shown slsewhere’h that the
same techniques of oxidation amd pyrolysis can also be successiully smployed Lo delermine
the altered distribution of hyirogen in reduced coals., It may, thesrefore, oe conciudad
that the variation of hydrogen in aromatic and non-aromatic form with increase in rank
as determinsd by chemical methods by the zuthors can ve considered the most accentable

av the momsmt, Such deleraminatvions were also recorted by Van Krevelen>> a few montas
later but only Oy the pyrolysis ..echnlque : his results are in agreemsnt with the
autnors' values and are also siown in [fig.h4. Probauvly re-assessment of the sxtinction
coefficizsnt ratio in case of infra-red results may reconcile tne discrepancy odetween the
wWo sets of estimates, made by physical and by chemical mevhods, J.xn.trown et alio,l-
have claimed tw have given support to tneir preferred values of extinction coefficient
ratio on vhe basis of recent stucies on coal distilieates, out sucn vacuum distiilate of

coal may not represent the coal sir u.ct.u*e. It has been earlier shown3lh Dy the autnors
" (and which nas teen recently confirmed6) that such distillates primarily originave fram
the alicyclic structure in coal (Ffig.5).

AROMAT IO n.B\JL SIls IN COAL

Toal is beiieved to have a polymeric or perhaps poly-condernsate assemblage
of structural units of varying dimensions. 'he measurement of the size of aromatic
clusters in such structural 'units' is as important as the study of the state of coabi-
nation of czroon and hydrogen. By oxidation studies the authors had also attemsted an
assessment of The average size of aromatic nucleii. according to the mecnanisa of
oxidation suggested by the authors, the final oxidised residus of coal is celisved to
retain the aromatic skeleton of coal. fence the atomic d/C ratio of the hypothetical
unsubstituted aromatic skelston corresconding to the oxidised coal would give a measure
of the average size of the aromatic nucleii. It has been found27 that the average size
of aromatic rnucleii does not vary mich in Lhe bituuinous range (carbon : 33-30s¢) and
is possibly constituted of L to 5 poly-condensed osnzene Tings per =ean structural unit
(Taole 7,. Earlier studies on x-ray diffraction3 and on dismagnetic susceptipilit
of coals led to similar assessments, Heceni measurement of electron activation ensrgy?3
also support the acove estimates. In view of the consistency oetween the physical and
chemical measurements (lable 7) it may, therefore, de concluded thal possioly a fair
estinate of the size of the aromatic units is now available.

L’Illd hydrogenolysis of coal extract, residue or coal itself oy B.u.Dl@ESsg,
3.5. Biggs and J.F.seiler®0 as well as by J.ie claire®l nad also ied to the recognition
(1936-37) that the 'units' of coal structure must be small in sizeé, The isolation of
dodeca~ and tetradeca-hydrophenancirene and hexadeca~ and octadeca~-hydrocirysene corres-
ponding to 3-4 ring systems would now apcear o ve significant in the light of msasare-
ments of aromavic ring size oy ohysical and chemical methods,

JISCUSSION

The techniques of selsctive oxidation and pyrolysis in conjunction with
dehjdrogenation studies have possibly yielded the most acceptable information on the
state of combination of caroon and hydrogen as well as on the size of the aromatic
nucleus. The knowledge that has been acquired is summarised in Lable 3.

Perhaps the time has now come for reorientation of the studies on the consti-
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tution of coal, There are still many gaps in our knowledge which have to be bridged
before the macro-molecular structural pattern of coal can be precisely depicted. Such
proolems that remain to be solved ars : ’ '

(1) “hether coal is a polymer in the typical sense;

(ii) If so, what is the nature of the polymer, especially the nature of
linkage between the ‘units' of coal structure;

(iii) The specific sizes of the individual structural 'units' of coal, in
particular, the distribution of molecular weights among such 'units'
which may not e all identical.

Information on the polymeric character of coal has teen forthcoming from g5
studies on solvent extraction and those on hydrogenolysis, R.A.Glenn and co-workers,
from a study of the liquid products obtained from hydrogenolysis, were led to conclude
that coal structure has possioly repetitive units just as in a iypical polymer.
Confiruavion of tnis polymeric concept has also possicly emerged irom tne recant studies
of the authorst3 on the reaction of permanganate on coal. It has been shown that at ay
stage of degradation the residual coal left over after reacting coal with either acidic
or alkaline permanganate retains virtually the same physical and chemical properties as
thav of the original coal (lable 9). This could perhaps be explained as a case of de-
polymerisation of the coal strucuure, followed oy decomposition of the fragments into
water soluole products like carocon dioxide, oxalic acid and benzene polycarboxylic
acids,

The next stage is obviously to have adequate information about the actual
repetitive 'units'., This can only be possible by isolation of the 'units' of coal oy
depolymerisation and determination of molecular weights of the 'units' thus isolated.

Another equally important knowledge to be sought is about. the naturs of
linkage oetween the ‘units'., Little or no information is available on this aspect at
vhe moment., Studies on the mechanism of solvolysis of coal in organic solvents and
of the dispersibility of coal in alkalj (especially in lower ranks of coal) may revsal
useful information. :

In 1957 the authors"” had indicated that the dissolution of lignite in
alkali, even at room temperature is not merely a physical process but is prowadly
preceded by hydrolytic splitting of bomds between the ‘'units'. It was suggested that
in lignite (and.in coal) the part that gives rise to humic acid and the residual
part are possivly linked oy flavone or similar bype of linkage (e.g. pyrons, lactone,
etc. ) which are susceptiole to cleavage in presence of alkali. However, it is prema-
ture to conclude anything definitely but it is believed thav furcher work on these
lines and others may throw greater light on this impartant aspect of coal strucuure.
A fuller knowledgs of the nature of the 'unaccounted' oxygen in coal vis-a-vis the
dispersioility of coals in alkali, and oi the mechanism of regeneration of humic acids _
from macture coals, may also be of help.

Besides the above basic considerations, we have yet to know more precisely
about the character of nitrogen and sulphur, They are minor elements in coal bul are
believed to be integral parts of the coal structure.- Informatior on the state of
nitrogen has besn scanty, though, of late, it has been suggested65 thav it may be
largely present as functional groups. 4bout sulphur, our knowledge is even less
exact. The states of combination of these minor elements in cosl are just as important
as those of carbon and hydrogen. ’
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CATALYTIC DEALKYLATION OF TAR ACIDS
John S. Berber and Leslie R. Little, Jr.

U.S. Department of the Interior, Bureau of Mines,
Morgantown Coal Research Center, Morgantown, W. Va.

Low-temperature carbonization has long been .considered as a possible
‘method for the utilization of lignite and other low-grade coals. Various fixed-bed
processes were developed and tried prior to the first World War, but most of them
met with limited success, and none became comimercially significant. In the low~
temperature carbonization process, the tar produced contains large quantities of
tar acids. Depending on the coal carbonized and the conditions employed, the tar
acids content of the tar will vary from around 15 to 50 percent. In the carboniza-
tion of Texas lignite, the distillable fraction of the low-temperature tar contains
around 25 volume-percent tar acids of which only around 3 to 4 volume~percent are
low-boiling phenols. The low-boiling tar acids, which are commercially obtained
from coke-oven tar phenols, cresols, and xylenols have well-developed markets
and uses and command a good price in the pure state. The market for the higher
boiling phenols or tar acids is limited, and when marketed as impure mixtures,
they sell at a much lower price than the lower boiling phenols. Owing to the limited
market for these high-boiling phenols, large quantities of these coke-oven tars con-
taining tar acids are burned as residual fuel. Using fluidized-bed techniques
developed during the last decade in the petroleum industry, workable low-
temperature carbonization processes have been developed and offer great potenti-
alities, providing that the market value of the carbonization products can be
increased, for example, by converting high-boiling tar acids to low-boiling phenols.

Low-temperature tars have a high degree of alkylation. Methods of remov-
ing some or all of the alkyl groups, or decreasing their chain length, consequently
are of considerable interest. One method of conversion presently under study by the
Bureau of Mines is the catalytic dealkylation at atmospheric pressure in which the
alkyl groups are split off from the phenolic ring, yielding lower boiling homologs.
Numerous catalysts of the silica-alumina type developed for petroleum cracking are
available for study. The ideal catalyst would naturally be one that promoted
cleavage of the alkyl group-~-aromatic nucleus carbon-carbon boad at the same time
avoiding rupture of the phenolic carbon-oxygen bond, which would result in a high
yield of phenol itself. The Bureau plans to test individual catalysts at three tem-
perature levels to determine the most promising catalyst and the best temperature
range, which will then be more comprehensively evaluated to fix optimum operating’
conditions for maximum phenol yield.

Three types of catalysts were used in Bureau tests performed in the labora-
tory glass reactor in which low-boiling methanol solubles were dealkylated. A
silica-alumina catalyst in pellet form gave yields of light phenols of approximately
30 volume-percent of the feed acids. The same catalyst, crushed to 16=20 mesh,
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showed somewhat greater activity and yields. With cobalt-molybdenum catalyst,
yields of light phenols were very low, and large amounts of gas and carbon were
produced. With a cobalt catalyst, a fair'yield of light phenols was obtained even
though the total conversion was low. '

Experimental

~ Catalytic Dealkylation Laboratory-Scale Apparatus. The Bureau's
laboratory-scale glass dealkylation unit was set up as shown in the schematic dia~
gram (Figure 1.). A picture of the apparatus is shown in Figure 2. A calibrated
feed reservoir of 250-ml. capacity was connected to a small bellows-type pump
whose stroke could be adjusted to deliver from 15 to 3, 000 cc./hr. of liquid feed.
The pump discharged through a length of 1/8-inch stainless-steel tubing entering
the reactor through a glass feed tube inserted in the top head of the reactor. An
earlier feed device was tried, consisting of a 100-cc. hypodermic syringe mounted
over the reactor and in contact with a motor-driven rotating threaded rod, which
slowly depressed the syringe plunger. During operation, the plunger repeatedly
stuck in the syringe barrel resulting in intermittent feeding and breakage hazards.
This method was used in Runs 4 and 5, and was then replaced by the pump.

The reactor unit was of all-glass construction, designed as shown in
Figures 3 and 4. The body of the reactor was a cylinder approximately 1-1/4-inch
O.D. by l-inch 1. D. and 36 inches overall length, f{itted at top and bottom with
standard taper glass joints. It was fabricated entirely from " Vycor' 96 percent
silica glass, affording safe operation up to 900°C. Eight inches from the bottom of
the tube, indentations were made in the tube wall to hold a perforated porcelain
disk, which served as a catalyst support. The reactor head, made of Pyrex glass,
had three taper joints at the top. Through the central taper joint, a Pyrex thermo-
couple tube was inserted, extending lengthwise through the reactor tube and
terminating at the porcelain support. The feed inlet tube fitted into a second joint;
the third was not used. There were two small side connections with spherical
joints, one for the entering of the carrier gas and the other for a pressure tap con-
nected to a mercury manometer for measuring the pressure drop across the
reactor packing. The bottom adapter, also of Pyrex, served to connect the reactor
to the product receiver, a 500~cc. Erlenmeyer flask of actinic glass, immersed in’
an ice bath. Exit gases passed off through a small side tubulure and were metered
through a wet-test meter. A tube packed with glass wool was placed in the off-gas
line to protect the meter against dust or carbon particles and entrained vapors.

The reactor was mounted vertically within an electrically heated furnace,
31 inches overall length with a heating zone 30 inches long, rated at 2, 200 watts
and operable to 1,850°F. Temperature adjustment and control were obtained with
a variable transformer in the power supply to the furnace. This furnace was
installed after Run 22. Before that, two smaller 750-watt furnaces, each 13 inches
long, were mounted end-to-end to encompass the reaction zone. With this arrange-
ment, an unheated zone occurred where the two units came together, causing heat
losses at that point, consequently, a poor heat transfer. A more uniform heating
was obtained using the larger furnace.

Helium was used as the carrier gas to maintain flow throughout the system
and to sweep feed and product vapors through the reactor. The gas was supplied
from cylinders through appropriate regulators; the flow rate was measured by a

1
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Figure 1. Schematic Diagram of the Laboratory Glass
Dealkylation Apparatus. -
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Figure 2. Picture of the Dealkylation Unit..

ys

S

&

T G S _ach



~ - — ~

4\ N

RN

N7

-~
.

-

/-——le inlet
—_——— —
fH
” .
Prevsare tap I
- ———Gos tareier snlet
"
"
™
v g Ther estosple weil
;
e
"
V1 fe——e Comtusticn tebe
™~ 3imm 00 ¥ 28 M 10
. >
36 o
i
- jon for
I catalyst sugport
3
3 -
Vi
|
0 ~— G cuiter
3 1
Bl

Figure 3. Dealkylation Glass Reactor.

Figure 4. Picture of the Dealkylation
Glass Reactor.
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rotameter and was adjusted with a small needle valve at the rotameter inlet. Tem-
peratures in the reactor were measured with chromel~alumel thermocouples con~
nected to a Brown "Elektronik" six-point recording potentiometer. The pressure
drop across the reactor packing, as noted before, was read on a. mercury manometer
connected across the inlet and outlet of the reactor.

In preparing for a test, the reactor tube and top head were assembled, and
the thermocouple well was inserted. A weighed amount of catalyst was poured into
the reactor through one of the openings in the top head. The height of.catalyst above-
the support disk was measured, and the volume was calculated from calibration data
previously obtained on the empty tube. Glass beads 4 mm. in diameter were poured
on top of the catalyst to a convenient height, forming a preheating zone. The reactor
was clamped into position within the furnace, and the necessary connections were
made with the rest of the apparatus. Feed material was added to the feed reservoir.
The specific gravity of the feed was determined at room temperature by weighing a
graduated cylinder containing 100 ml. of feed.

Procedure,. The tar acids for the dealkylation study were obtained from
samples of low-temperature lignite tar supplied by the Texas Power and Light Com-~
pany. The samples were products from a solvent extraction pilot plant in which
hexane and methanol were used in a double~solvent operation to separate neutral
and acidic. components. Tar acids were recovered from the methanol extract by
first stripping off solvent, then distilling the acids into two fractions designated as
high-boiling and low~-boiling methanol solubles.

We originally planned to use the total high-boiling methanol solubles for feed.
This material was solid at room temperature and was therefore diluted with an equa.i
volume of toluene to render it fluid and permit its pumping into the combustion tube
of the glass reactor. With this feed, operating difficulties were caused by deposition
of nonvolatile resinous substances, which plugged the reactor. Similar deposits
occurred when a low-boiling methanol solubles residue boiling above 225°C. was
used. Tar acids of intermediate boiling range did not cause any plugging. Because
of its greater ease of bandling, we decided to work with low-boiling methanol
solubles. Samples of this stock were fractionated under vacuum on a Podbielniak
high-temperature distillation apparatus using a 2:1 reflux ratio. The fraction boil~-
ing between 230°C. and 266°C. was retained as feed for the .dea.kalation' study., In
Runs 4 through 17, the feed was diluted with toluene; beginning with Run 18, the
feed acids were used directly with no dilution {Table I).

The feed materials were analyzed for total acids by extraction with 10 percent
caustic golution, considering the total caustic-soluble portion as phenols. The first
batch of feed distillate showed 97.5 volume-percent tar acids, whereas the second
batch analyzed only 82.0 volume-percent. A third ieed fraction, not yet used,
showed 81.0 volume-percent acids. The variation in the first material was probably
owing to insufficient mixing before sampling, and for subsequent tests, the feeds
should be fairly uniform. '

Catalysts were commercial types furnished by various manufacturers. In
most of the tests, a silica-alumina cracking catalyst, Socony-Vacuum TCC type 34
"Durabead, " was used. Its composition is about 90 percent silica and 10 percent
alumina, with less than 0.1 percent contaminants, which are primarily sodium
salts. The catalyst comes in bead form and was sized to -4, +6 mesh before using.
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In Runs 21, 22, and 23, the catalyst was ground and a -16, +20 mesh portion was
used. The two other catalysts used up to now were Girdler G-35B, in 3/16-inch-
tablets, containing 13-1/2 weight-percent cobalt and molybdenum on an alumina
support; and Girdler T-300, in the form of 1/8-inch tablets containing about 60 per-
cent cobalt on kieselguhr. All three catalysts were used as received.

Helium carrier gas was admitted to the system from the supply tank,
"adjusting the flow rate to 0.36 SCFH. Power was applied to the furnace and the tem-
perature, as measured by the bottom catalyst bed thermocouple, was gradually
raised to the desired operating temperature. When the temperature was stabilized
at the desired level, the feed pump was turned on to start the run, The liquid feed
stream coming into contact with the preheat zone vaporized and passed downward
over the packed catalyst. The cracked vapors entered the product receiver, cooled
by an ice bath, where the liquid product collected and helium and noncondensible
product gases passed off to the gas meter.

The run was continued until sufficient liquid product was collected for
analysis. Depending on the charge rate, a run lasted from one-half to 3 hours.
Pertinent operating data were recorded on log sheets at 10 to 15 minute intervals.
After feed was discontinued at the end of a run, helium flow was maintained, and the
reactor was kept at temperature for about an hour to purge the reactor completely
of all vaporizable products. '

The total liquid product was weighed, its volume was measured at room tem-
perature, and it was then distilled using a glass Vigreaux column I/2-inch in
diameter and 10 inches long. An initial fraction, boiling up to 160°C. (Table II)
was distilled at atmospheric pressure. A second fraction with a boiling range of
160°-230°C. was distilled at 10 mm, Hg pressure. The tar acids content of this
fraction was determined by extraction with sodium hydroxide solution. The amount
of tar acids thus determined was considered the total yield of light phenols. Tar
acids in the distillation residue were similarly determined. The acids in the caustic
extract were recovered by neutralizing the extract with dilute sulfuric acid and were
retained for possible future analysis.

During the cracking operation, considerable carbon was deposited on the
catalyst. This carbon was removed by burning it off in an air stream, thus regener-
ating the catalyst. The reactor was brought to 1, 000°F. on helium; air was then
substituted for helium at a rate sufficient to maintain 1,050° to 1, 100°F. during the
regeneration. Carbon dioxide produced was absorbed in an absorption bulb packed
with "Ascarite.'" The absorption bulb was preceded by a small tube, was packed
with cupric oxide, and was heated to 700°C. by a small mortar, which converted any
carbon monoxide to the dioxide. Drying tubes containing ' Drierite' placed before
and after the cupric oxide tube trapped any water vapor in the gas stream. The total
weight of carbon dioxide formed was then taken as a measure of the carbon formed
in the run, assuming that the catalyst deposit consisted entirely of carbon.

Discussion and Conclusions

The study on dealkylation of tar acids undertaken at the Bureau's Morgantown
Research Center was concerned chiefly with the selection of a most effective catalyst
for the production of low-boiling phenols and the examination of different variables
in determining the maximum yield. This is a preliminary study. Not all of the
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variables (such as temperature, space velocity, catalyst size, catalyst regeneration
characteristics, type of feed stock, use of additives to feed such as steam or pyri-
dine, etc.) were examined, and more research work will follow to study and deter-
mine the results of these variables.

The following conclusions can be drawn from the actual studies on the
dealkylation of tar acids:

1. Tar acid feed stocks containing high-boiling regidua are not suitable for
dealkylation studies because they form nonvolatile, resinous deposits that plug the
reactor. Fractions of intermediate boiling range did not form plugs, and successful
tests were carried out using tar acids boiling from 230° to 266°C.’

2. Silica-alumina catalyst, typified by Socony-Vacuum TCC-34 "Durabead," -

is very effective in dealkylation of high-boiling phenols to lower boiling homologs.
Yields of around 30 volume-percent of feed acids were obtained operating at around
825°F. and with liquid hourly space velocities of about.0. 8.

3. Girdler G-35B, a cobalt-molybdenum catalyst, appears unsatisfactory for
dealkylation of tar acids because of low phenol yields and considerable losses of feed
to carbon and gas.

4. A high-cobalt catalyst, Girdler T-300, showed possibilities of being
highly selective in light phenol production, prondmg total conversion of feed acids
can be increased..

5. The new laboratory-scale glass dealkylation unit (Fig. 1) has been shown
to be suitable for carrying out catalyst screening tests and for future evaluation
-studies on individual catalysts.

Reference to specific commercial brands, materials, or models of equipment in
this article is made to facilitate understanding and does not imply endorsement by
the Bureau of Mines.
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PROCESS CONDITIONS FOR PRODUCING A
SMOKELESS BRIQUETTE FROM HOT CHAR

G. M. HABBERJAM
and
H. R. GREGORY

NATIONAL COAL BOARD, COAL RESEARCH
ESTABLISHMENT, STOKE ORCHARD,
CEELTENHAM, ENGLAND.

PROCESS CONDITIONS FOR PRODUCING A SMOKELESS ERIQUETTE
FROM HOT CHAR

1. INTRODUCTION

In the United Kingdom the implementation of the Clean Air Act of 1956 involves
the setting up of an increasing number of smokeless zones throughout the country.
In order to maintain sales of solid fuel, appliances to burn the present fuels smoke-
lessly are being devsloped, and increased supplies of reactive smokeless fuels are
being made available, To contribute to these supplies, a process for the production
of a smokeless fuel from low rank coal has been developed at the Coal Research
Establishment of the National Coal as-d. A general account of this development has
recently been given in another paper 1 9 and it is proposed here to review in detail
some of the investigations which were carried out to determine the range of applica=
tion and necessary process conditions. .

The choice of low rank coal, volatile content greater than 35% as a starting:
point is particularly appropriate in the U.K. as this material in small size gradings
is economic to mine and well situated with respect to the markets.

To convert this materlial into a suitable smokeless fuel requires that it be
both upgradecz 3.? 7ize and rendersd smokeless, without markedly reducing its reactivity.
It was knom\2){3) that low rank coal ocould be made smokeless by a process of partial
carbonisation and it wam thought likely that considerable reactivity would be
retained in the char.

It was decided to attempt to briquette the char in the simplest possible way,
i.e., without a binder of any kind. All attempts %0 briquette cold char using
pressurs alone have proved unsuccessful, but several attempts to briguette char when
hot had shown promise.

Thus in 1931 Hardy(4), working in Belgium, took out his first patent on the hot
briquetting of char and several more were filed, the last in 1937, The first Hardy
patents cover @ process which was intended to briquette finely divided coals and lignite;
the raw coal Was heated in a rotary oven to a 'plastic or globulsted state', and
compacted directly on discharge. The tars generated in the carbonisation process
were claimed to act as binder.
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's process was not a commercial success and in a much latsr assessment by
Darmont this was attributed to difficulties arising in the production of char
under controlled conditions; agglomeration was a big problem. Similar d:ﬁ‘t’-
cultias seem to have been encountered by Pisrsol in his work in Illinois(5

Interest in the briquetting of hot char was reawakened by Jappelt in 1952(8) ’
who gave an extensive, though largely qualitative account of the factors involveld
in successful char triquetting. His work is of particular interest in that he
concentrates on weakly caking coals, uses a rotary oven for preparing the char and
advocates the use of an extrusion mress for compaction.

In the light of these earlier investigations, the line of investigation adopted
was to prepare the char under controlled conditions, and briquetts it whilst still
at a high teumperature. This paper sets out to establish the process conditions for
making a strong smokeless fuel from high volatile weakly caking coals by this method.

The strength of any compact produced by the direct triquetting of hot char can
be expscted to depend upon the following factors:-

1. The nature of the rew material.
2e The carbonisation conditions,
3. The compaction conditions.
4. The after-treatment or cooling of the btriquettes.

I{ is not proposed in this paper to consider all the process variables, even- if this
were possible, tut rather to focus attention on those which have been found to be the
most importante. .

The paper first describes some of the laboratory invesiigations carried cut
under 1, 2, and 3 above, and later reviews these in the light of experisnce on a
continuous plant. An account is then given of the necessary quenching conditions
obtained from plant investigations. Finally after a brief sketch of the present
state of the process a summary of the main findings is given.

2.  LABOBATORY INVESTIGATIONS

2.1, Description of Apparatus

The laboratory experiments were concerned with determining the .conditions for
the production of a strong brigquette from char. It was not practicable to examine
the conditions for the production of a smokeless product on this scale as :.nsufficent
product was available for test.

Fine coals (=10 mesh B.S.S.) of N.C.B. Coal Rank Classification Nos. 700, 800
and 900 (high volatile bituminous coals of low caking power) have been used; in
coals of this type a reduction of volatile matter content to a.bout 23% is sufficient
to produce a completely smokeless char.

Preliminary experiments were cond.ucted by heating a Bmall briquettmg mould
(% inch diametsr) to temperatures in the low temperature carbonisation range (375
500°C) and introducing small charges of fine coal. After heating this material
for about 5 mimutes a plunger was introduced into the mould and the char was .
briguetted between the jaws of an hydraulio press. Strong compacts could be made
in this way but this method of heating was not mractical for commercial exploitation
and, as the temperature of the material was not un:.form, accurate tempera.’mre
measurement was not practicable. . .

Experience at this research establisiment had shown that low rank coals (CrC.700,

.
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800 and 900) could be carbonised in this range with considerable accuracy of control
using a fluid bed carbonisers the agglomeration problems had been overcome.

-Accordingly, a small laboratory reactor two inches in diameter was constructed which

operated on a batch principle. 1In thig reactor a coal charge could be loaded and
carbonised at any temperature up to 550 C for any desired time. The char produced
oould be fed directly into a preheated méuld and briquetted at any desired pressure.

The apparatus developed, which is illustrated in Fig. 1, was made up of the

2 inoh fluid bed reactor which could be discharged into a 0.6 inch (dia.) heated
mould held in the jaws of an hydraulic press. Fluidisation was normally carried
out using nitrogen preheated to the chosen temperature of carbonisation and intro-
duced into the base of ths bed via the briquetting mould. Other fluidising gases,
or mixtures of gases, could readily be substituted for the nitrogen flow. Control
of the bed temperature was carried out by external heating and cooling coils wound
round the reactor.

In operation both the reactor and the mould were first raised to the carbonisa-
tion temperature with hot nitrogen flowing through the system. A coal charge was
then loaded into the carboniser and the heaters adjusted until the carbonisation
temperature was reached: this took 2 to 3 minutes and thereafter ths temperature was
closely controlled (% 5°C) for the required carbonisation time. At the end of this
period the fluidising flow was stopped, and the distributor plate opened to allow
char to fall directly into the moculd. Ths char was then btriquetted. To prevent
any surface oxidation each briquette was allowed to cool in a small closed container,

2.2, Testing Methods for Laboratory Samples

The quality of the brigquettes was assessed by a destructive mechanioal test,
This consisted of a combined shatter and abrasion test in which single briquettes
were first subjected to a standard sbrasion treatment in a commsercial abrader. The
4% inch material from this test was then dropped four times through a height of
6 ft., and the residue of + 4 inch material weighed. This was expressed as the
percentage of the weight of the initial briquette. The index so formed was regarded
as a purely relative measure of briquette quality. In some experiments the density
of the briquettes was determined before the destructive test.

2.3. Results of Laboratory Work

2.3.1. Nature of the Raw Material:

Whilst initial tests carried out with a single coal quickly confirmed that
strong compacis could be made by heating the coal to temperatures in the range
375°C - 550°C andcompacting the char at 6 ton/sq.in., it was necessary at an early
stage to know whether the process would be applicable to a wide range of low rank
coals.

Samples of small coal, from six different collieries situated in the East and
West Midlands divisions of the Bogrd were selected and briquetted using oarboniser
temperatures between 375 and 475 C. The coal was ground to -10 mesh B.S.S., and
the total residence time in the reactor was 8 minutes and the briguettes were made
at a pressure of 6 ton/sq.inch.

The results.of shatter and abrasion tests on these briquettes are shown in
Pig. 2. Despite the fact that the samples ranged over different coal seams, had
widely different ash contents (2 — 16%), and covered a volatile matter content range
of 35 - 41% (see Table 1), the difference in briquetting performance between these
samples was not significant. .

In a later attempt to triquette as wide a range of materials as possible,
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special maceral concentrates, prepared from a low rank coal by hand selection, wers
also examined. ‘These covered a much wider range of materials than would ever be
expeo‘t to arise from normal commercial preparation of low rank coals. It was
found for example that it was necessary to have inertinite concentrations of
60-70% before an untriquettable material was obtained.

Size of grind can also be expected to affect the strength-of char triquettes.
Laboratory experiments have indicated that strength falls with increasing particle
size.

To summarise, there is wide tolerance in the type of low rank material selectd
for the process mrovided that the material is crushed to a suitable size befors
briquetting (=10 mesh B.S.S. would appear adequate). '

TABLE 1

Laboratory investigations of different coals —
Details of coals used

Coal Sample . Volatile :]
P Gray-King | Ash Content Mat:er Centen

Division Colliery Seam Coke Type |% (dry basis) %4 deaete
Bast Midlands|Bestwood High Main B 7.2 38.1
n CAlverton High Main A 11.7 36.8
n Denby Hall Mixed c 16.5 37.8
n Thoresby Top Hard D 10.9 35.6
West Midlands| Birch Coppice| Mixed B 11,1 4.2
" Dexter Mixed A 1.7 38.0°

2.3.2. The Carbonisation Conditions

The results already obtained for different coals (Fig. 2) also show that
at & residenge time of 8 minutes the best briquettes are produced at a temperature
of about 425 C.

The general effect of carbonisation variables om triquette quality may now
be considered. Using fluid bed carbonisation the major varisbles can be
considered to be the temperature of operation, the residence time of material
in the reactor, and the nature of the fluidising atmosphsre. 1In all these
laboratory experiments the residence tims was measured from the instant of loading
the charge and thus also includes the heating-up period of 2-3 mimites.

These carbonisation variables were examined in two experiments. In each
case Calverton coal C.R.C. No. 902 was used.

In the first of these an inert atmosphere (B.itrogen) was used, triquettes
being made over a range of temperatures from 350 ¢ to 500°C and a range of
residence times of 5 min to 80 min. Three repliocates of this experiment were
made, each replicate being suitably randomised.

The variation in density with temperature and residence time is showm in
Pig. 3, and that of mechanical quality as given by the combined shatter and
abrasion test in Pig. 4.

. . M . ittt e e S ..

e .. & e

P N AAzAAA..‘f:A..A‘_.‘L.AJ‘AA_.‘ > S S



s

e

S ——

99.

It may be seen that both mechanical quality and density are a maximum in the
temperature range 400-450 C, and that both decrease with increase in residence
time.

In Fig. 4 contours are included to show the residual volatile matter contents
(dry ash free) of the Wriquettes. These indicate that the best briquette quality
is achieved about the 30% volatile. matter content, but that strong briquettes can

‘be produced down to and below a 25% volatile matter content, at which level very

little smoke emission would be expected.

Having established that it was possible to produce hriquettes using an inert
atmosphere in the carboniser, a second experiment was undertaken to test the effects
of using other atmospheres. In all cases the same fluidising flows were maintained,
and the atmospheres selected were:-—

(1) Nitrogen as with the previous experiment.

(ii) Fitrogen/hydrogen mixture (903110 perts by volume).
(ii1) Steanm.

(iv) Air/nitrogen (50150 parts bty volume).

The latter atmosphere was of particuler importance in that in a contimuous
commercial reactor it was likely that the carbonisation heat would be obtained by
heat of reaction, and air would be used as a fluidising gas. In the smell reactor
used, with the cooling coil working at maximum capacity the au'/nitrogen mixture
was the richest which could be used: at higher oxygen concentrations control was
impossible.

With these atmospheres briquettes were prepared in the temperature range
400 to 500°C using residence times of 8 and 16 minutes. The results are given
in Table 2. For all the atmospheres, the temperature range for good briquetting
was found to be substantially the same, and the fall in quality with increasing
residence time was confirmed. It may be seen, however, that briquette quality
was significantly reduced when the ur/mtrogen mixture was used for fluidisinge.

From these mvestlgatz.ons it is clear tkat to produce strong briquettes long
residence times in the carboniser must be avoided; briguettes must be made in
a limited optimum temperaturs range, and reactions with oxygen in the fluidising
gas mist be kept to a minioum.
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TABLE 2

Variation of Briguette Strength#* with Fluidising
Atmosphere, Carbonisstion Temperature and Residence
Tims.  (Laboratory Results).

Fluidising Residence Carbonisation Temperature Y
Time

Atmosphere (min) 400 | 425 | 450 475 500
Nitrogen 8 95 94 97 96 92
16 92 | 95 94 94 53

¥itrogen/Hydrogen 8 ) 92 | 971 96 96 95
90110 parts (vol.) 16 92 | 93 94 91 80
Steam 8 86 | 96 96 94 83
16 81 | 92 93 88 38

Air/Nitrogen 8 85 | 89 91 87 83
50250 parts (vol.) 16 76 | 84 86 12 22

® Figures given are the percentages of +4" material remaining
after test.

2.3.3. The Compaction Conditions

It was mentioned in the introduction that char ‘cannct be briquetted cold, and
in the experimemts so far described, care has been taken to maintain the briquetting
mould at the carboniser temperaturs. Such a procedure may however be inconvenient
on plant, and consequently a short investigation was made of the effect of cooling
before briquetting. In this experiment br:.quettes were made using a single coal
(Calverton C.R.C. 902) carbonised at 450°C for 15 minutés. After this period the
char could be cooled to any desired temperature by switching over to cold nitrogen
as fluidising gas, cutting the béd heaters, and turning on the external cooling.
When the desired temperature drop had been achieved the char was then transferred
to a mould meintained at the reduced temperature and briquetted (in this case at
a pressure of 8 ton/sq.in.).

The results of the strength tests are shown in Fig. 5 where it can be seen
tha.t vhilst quality falls slowly with temperature down to a temperature of about
250 C, after this point it falls rapidly.

The actual variation of compaction density with pressure is shown in Fig. 6,
and it can be seen that at 6 ton/Sq. inch the compaction curve is already beeomine
very steep at the temperatures involved. Pressures of 6-8 ton/sq. inch have
moved adequate for all the coals studied both in laboratory and plant experiments.

PO o
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3. SMALL SCALE PLANT INVESTIGATIONS

3.1. Description of Plant

A description of various experimental plant? sor the production of briquettes
by this process has already been given elsewhere 1 s 50 that it will only be
necessary to add a brief description here. The particular plant used for most of
these investigations was a small one capable of hardling 100 1b coal/hcur, Fig. 7.
The reactor was 8 in. in diameter 'and was continuous in operation. Coal was fed
into the vessel by screw feeder and char was withdrawn through a conical base to
avoid agglomeration diffioculties. It was normally run with coldair as the fluid-
ising gas, all the process heat being derived by reaction with the coal.

Briquettes were made on an hydraulic extrusion press which normally produced
a cylindrical compact 2 inohes in diameter, and 1% inches long, this size being
very suitable for domestic grates. With the limited plant throughput this size
of briquette implies a briguetiting rate of about 8 briquettes per mimute, and
thus speed of briquetting was low by commercial standards.

302- Testlgg Methods

As appropriate to this plant quality was assessed by larger scale tests,
these consisted ofs

(1) Shatter test - 10 1b. of rroduct was dropped four times through
6 £t. on tc a steel plate, and the weight percentages of +1 indh
material determined; and,

(ii) Abrasion test = 5 1b. of product was subjected to 625 revolutions
at a standard rate (25 r.p.m.) in a smooth steel trommel, the
weight percentages of the resulting +§ inch material being determined.

For brevity in this paper the results of these separate iests have been
combined in a single strength index by forming the product of the indices.
This single strength index then bears some resemblance tc the combined shatter
and abrasion test resulte obtained from the laboratory investigations. Whilst
the strength tests were intended for relative assessment of the product it is
considered that where the index obtained exceeded 80% tbe btriquettes would transport
well, whereas if it was less than 50% they would tramsport badly.

3.3. Results of Plant Work

In the following review of the effect of process variables the product has
in all cases been dry cooled (i.e. allowed to cool in sealed drums). On a
full scsle plant cooling in sealed drums would not be possible and development
of triquette quenching methods is described later in section 3.3.4.

3.3.1. Hature of the Raw Material

Low rank coals from 24 different collieries were examined covgring the
range of Gray King coke types A to F. Using a temperature of 425 C and a resi-
dence time of 20 min, it was found possible, in all cases, to produce strong
briquettes (i.e. combined shatter and abrasion index greater than 80%, see
Table 3). At this carbonising temperature the smoke emission of the briquettes,
as shown by tests in an open grate, was small in all cases.
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TABLE 3

Plant investigations of different coals

Details of coals used and the strength of briquettes

: Produced at 425°C

‘Bray King {Ash Content{Volatile |[Strength of
. Coal Sample og Type | % (dry Matter {bgs. made at
Division Colliery Seam basis) Co:ten; 425°C (%)
. eBele
B.Midlands | Babbington |Deep soft P 2.1 ..37.2 91
" Thoresby Top hard P 5.2 35.3 93
" Rufford Top hard B 4.9 7.7 93
" Welbeck Top hard B 4.8 35.5 92
" Babbington |Deep hard D 3.1 35.9 92
" Gedling Top hard c 6.0 <8 92
" Radford Tupton c 3.1 37.8 93
" Shirebrook |[Clowme c 4.0 37.1 92
u Thitwell High Hagel{ ©C 4.0 35.6 91
" Bestwood Bigh main B 7.5 37.8 91
" Bestwood Main bright B 1.5 3845 92
n Gedling High Hazel{ B 6.5 39.8 93
" Ollsrton Top hard B 5.2 7.9 90
" Warsop High Bazel B 9.1 36.3 91
W.Midlands | Coventry Mixed c 1.9 39.4 91
" Haunchwood |Mixed B 5.6 40.7 90
" Newdigate |[Mixed B 2.9 39,1 92
" Arley Mixed A 5.0 39.2 91
u Dexter Mixed A 4.2 36.8 89
¥.Bastern Kiveton Park|High Hazel F 2.7 36.1 87
" Markham Main|Barnsley D 3.8 36.8 90
Scottish Dalkeith Barrs c 5.0 41.0 89
" Dalkeith 5 £t C 4.8 40.6 90
" Dalkeith 6t c 3.8 40.0 91
" Woolmet Rl B 3.1 36.8 89

The ressure required to make these compacts was about 6 ton/sq.inch,
although for the higher coke types somewhat lower pressures were often adsquate.

The plant results therefore show that the hot char briquetting process is
applicable to a wide range of low rank coals, and tims confirm and extend the
earlier laboratory findings.

3.3.2. The Carbonisation Conditions

The plant investigation of the effect of carbonisation variables on briquetting
has been rather more restricted because of plant limitations than that in the
laboratory. An inveetigation using Dexter coal, C.R.C. No. 902, has, haweves, besn
made of the variation of briquette quality with temperature (in the range 375 C to
450°C), and residence time (15 min to 45 min). In order to achisve the longer
residence times it was necessary to dilute the fluidising air with nitrogen,
although on a larger plant a deeper bed could be used.




103.

The results of combined shatter and abrasion tests carried ocut on briquettes
made using a constant pressure of 7 ton/sq. inch for the above range of carboniser
variables are given in Fig. 8. As with the laboratory results it may be seen
that ths strongest briquettes are made in the range 400°C - 450 C, and that quality
diminishes with incresasing residence time.

As with the laboratory briguettes the volatile matter content for optimum
strength is higher than the 23% at which the char is completely smokeless.

3¢3.3+ The Compaction Conditions

In the laboratory it was shown that any substantial reduotion of temperature
between carboniser and press produces a weaker briquette.

Tests were carried out on the plant by removing heating and lagging from the
short feed line connecting carboniser and press. The briquetting temperature as

indicsted by thermocouples in the char stream are given in Table 4, together with
the shatter and abrasion indices of the briquettes produced.

TABLE 4
Variation of Briguette Strength* with Brigquetti
Temperature. ZPlant Resultsi

Carbonisation Temperature 425°C

Briquetting Temperature | Briquette Strength¥

425 % 93
400 C 87
350 C 84
285° 83

® Results quoted are the combined plamt shatter
{+ 1") and abrasion (+ &") test results.

+ All briquettes were prepared at a pressure
of 7 ton/sq. inch.

Over the limited range of temperature drop investigated in this way there
was a reduction in quality with increasing temperature drop; this confirmed the
laboratory results. It is preferable to permit no fall in char temperaturs between
the reactor and the press: indeed there may be a case for using a rising tempera—
ture gradient.

¥ith respect to other briquetting variables it has been found on the plant
that density increases with pressure, but that the rate of increase falls at
higher pressure, as would be expected. This is true also of briquette strength,
but on extrusion presses another effect is important. At high pressures the
separation between successive briquettes becomes poor, and in some cases contimuous
lengths of undivided briquette emerge from the nozzle. For briquette appearance
it would thus appear that pressures which are too high can be a positive
disadvantage and this seems to be particularly the case with the more highly
caking coals. However, wherever this phenomenon has been encountered it has been
found possible to make strong briguettes at pressures below those which bring
abaut severe sticking.
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3e3e4s Guenching Conditions

In bulk production of char briquettes it is necessary to introduce a cooling
stage to prevent spohtaneous combustion of the product and it has already been
pointed cut that, in the assessments so far of process variables, the product
has been dry quenched in sealed drums. Cooling in this way takes between 12
hours and 2 days, depending on whether 90 1b or 250 1lb drums are used.

Quite early in these investigations wet quenching by immersion in water
was considered as an alternative. By this means briquettes can be gquenched to

a safe temperature (i.e. about 50°C) in 20 min., but such cocling produces intermal

cracking and gives substantially lower shatter indices than those obtained for-
a dry cooled product. This is particularly true for briquettes produced at
425°C, and for the more highly caking coals.

Experiments on cooling briquettes in fluid beds of cold sand and in dry
ice quickly demonstrated that the rate of cooling rather than the nature of
the coolant was responsible for the cracking.

Then a briquette emerging from a press at about 400°C is plunged directly
into cold water it suffers a large thermal shock. The shock san be reduced
by cooling the briquettes more slowly, either in an inert atmosphere or by
spraying lightly %ith water, prior to complete immersion., That such a two-stage
cooling procedure reduces intermal cracking is illustrated in Fig. 9, where
gections of briquettee dry cooled in sealed tins for 10 and 20 min, before
immersion in water are compared with briquettes which were immediately immersed,

Plant investigations have shown that it is desirable to reduce the average
temperature gradually to about 15000 bvefore immersion in water. The first
cooling stage can be performed by cooling on a conveyor in a steam atmosphere
for 30 min., or by a shorter period, (15 min.) of spray quenching (see Fig. 10),
followed by 8 min. immersion in water. These two=stage treatments gave
briquettes closely camparable in strength with those cooled in sealed drums.
For comaercial exploitation, steam cooling, followed by water immersion, is
preferred. :

3.3+.5. Smoke Emission & Fuel Performance

With the greater supply of product, from the plants it was p?ssjjble to carry
out open, i.e. stool-bottom,zrate tests(lo and coke grate tests 11} for radie~
tion and visible smoke. Smoke emission may be measured optically using a
photo-electric cell to measure the obscuration of a light bsam traversing the
flue or the smoke may be collected in an electrostatic precipitator and weighed.
The second method is likely to be accepted as a British Standard method but for
-our purpose the convenience of the optical method outweighed the rather better
accuracy of the gravimetric method.

Optical smoke indices are given in Table 5. Values obtained from other
"naturally smokeless" coals are included for comparison. The parsent coal,
in this case Dexter C.R.C. No. 902, zave an index of 93.

It can be seen that smoke emission decreases rapidly with increasing carbon=-
isation temperature and decreasi volatile matter content until the product.
becomes virtually smokeless at 23% volatile matter content. Further, the range
of smoke emission of the "maturally smokeless" fuels given in Table 5, is wide
enough to give considerable latitude in process conditions for the production of
a strong briquette.

M —~—
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Smoke Enission Indices for briquettes burned in

stool-bottom and coke grate tesis

Smoke index of briquettes made from Dexter char;
time in carboniser.

30 min. residence

Carbonisation temperature % o o o o o
of the briquettes . 315°¢C 400°C | 410°C | 425°C | 450°C
Volatile matter content
d.a.f. of the briquettes 32.3 213 2.0 2.4 2.0
Smoke emission index in
stool-botton tests 3 10 4 2 <1
Smoke emission index in
coke grate tests 18 13 > 2 <1
Sample smoke indices of other coals for comparison
(i) Stool~bottom zrate Index
' International coal 16.5% V.M. d.m.m.f. (3" x 2") 35
Deep Navigation coal 14.0% V.M. d.m.m.f. (3" x 2%) 1
Penrikyber coal 12.7% V.M. d.m.m.f. (3" x 2) 3
Commercial Low Temperature Coke + 2 3
(ii) Coke Grate
International coal 16.5% V.. d.mem.f. (23" x 13") 33
Deep Navigation coal 14.0% V.M. d.m.m.f. (2‘{': 151) 8
Penrilkyber coal 12.7% V.. demem.f. (23" x 13") 4
Coumercial Low Temperature Coke (+ 3 2

The critical air blast test

12

showed the fuel to be 'reactive'" in thnat

the required air blast was less than the minimum flowused in this test (0.008 cu.

ft. air/min).
grate tests is illustrated in Table 6;

The gensral performance of the briquettes in stool-bottom
it can be seen that, apart from smoke,

the performance of the briquetted fuel equals that of the parent coal.
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TABIE 6

Performance of Dexter coal and Dexter char briguettes
in stool-bottom grate tesis#

.Dexter Dexter

Fuel Tested 24" x 13" Char Briguettes
coal (425°C)
Time to reach 6,000 B.t.u./b 28 29
after ignition (min) '
Peak radlatlon after ignition B.t.u./h 10,410 8,060
1st refusl " 10,530 9,940
" " n oong M " 9,140 9,990
" " . 3pg " n 8,550 9,130
Gross radiation
(2000~2000 B.t.u./h) B.t.u. 67,380 69,070
Average radiation per hour " 6,670 6,470
" " pound " 2,900 3,020
of fuel burned

* ‘In the stool-bottom test a fire is 1lit using 9 1b. of coal
and recharged three times using 5 1b. of coal per refuel.

4. DISCUSSION

So far we have reviewed some of the main process variables involved in
briquetting hot char in an extrusion press as revealed by laboratory and small
pilot plant investigation. We have shown that a strong briquette can be made
and that there is a fair range of conditions under which the briquette is also
smoksless, but we nave not considered some of the variables which are of great
importance to the commercial success of the process.

First is the ability of the carbonising and briquetiing systems to operate
continmiously over reasonable periods without smtdown. The carbonising system
is particularly prone to troubles associated with agglomeration in the bed and
the extrusion press is susceptible to high rates of die wear. In order to get
some measure of these likely difficulties a 500 hr. run on an 18 in. dia,
carboniser/2" dia. extrusion press rig was attemupted. Only minor difficulties
were encountered in the carboniser and die- wear was found to be much less
troublesome than had been expected.

Far commercial use it is necessary to operate the extrusion press at much
higher speeds than is possible on small pilot plant where the limit was about 40
strokes per minute. The limit was set primarily by the capacity of ths carbon-
iser but was also influenced by the transient shock waves which are character-—
istic of hydraulio presses operating at high speed. Recent experience on a
variable speed mechanical press, Fig. 11, has shown that good briquettes can be
made at speeds of 80 strokes per mimite, and that higher speeds may well be pos-
gible. Attempts have also been made to briquette the char on roll mresses,

these have been successful but demand very close control of carboniser conditionse

-



Briquette shape is important commercially and some of the variants
possible on an exrtrusion press are illustrated in Fig. 12. In order to
obtain optimum fuel performance on an open fire, briquette we:.ght should
not exceed 100 grms.

Tonnage mantities of briquettes have been made for market and transport
trials, and Fig. 13 gives some idea of the appearance of a wagonload of dry
quenched Iriquetted after a transport test.

The fuel has been shown to be an acceptable premium grade smokeless fuel
for the domestic market. It is smoksless at volatile contents between 23
and 26% and is made without unpleasant and expensive binder. Preparations
for commercial development are already in an advanced stage. It remains
to exploit the virtues of this process in the manufaciure of closed stove and
metallurgical fuel, and to extend the range of coals which can be processed
in this way.
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Briquettes dry quenched

Briquettes wet quenched after
20 min. dry quenching

Br:’quettes wet quen;hed after
10 min. dry quenching

. .. Briczuettes wet quenched

FIG. 9. SECTIONS OF BRIQUETTES AFTER QUENCHING

FIG.10. TWO-STAGE QUENCHING FACILITIES ON A
SMALL PILOT - PLANT '
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THE SLOW OXIDATION OF METHANE., I. A KINETIC STUDY
Hsien-Cheng Yao

Scientific Laboratory; Ford Motor Company, Dearborn, Michigan

Introduction

A number of rate expressions have been proposed for the oxidation of methane
based upon measurements of the changes which occur in the total pressure of the
reacting gas mixture. Bone and Allum (1) found that the rates of reaction were affected
by the initial composition of the mixture. The highest rate under a given set of
conditions was obtained when the ratio of the initial pressure of methane to that of
oxygen was 2 to 1. This result was confirmed recently by Egerton and his co-workers
{2}. Norrish and Foord (3) proposed the rate equation:

\ -4
rate - k{CH,),2{0,),Pyd (1)
max S

where (CH,),, {0,},, and P, are initial pressures of methane, oxygen, and total pres-
sures of methane, oxygen, and total pressure respectively, d is the diameter of the
reaction vessel;, and S is the surface activity per unit area. Later, Hoare and Walsh
{L4) suggested the rate expressiom

-E/RT (1)

Max rate = {CE,),"(0,)s"(B,) e
where m, x, and t are reaction orders which vary with the reaction véssel used. The
m values ranged from 1.6 to 2.4, the x value from 1.2 to 1.7, and the t values from
0.5 to 0Q.9.

Recently Egerton and his colleagues {2) and Kermilova et al {5) have followed
nct only the changes in the total pressures but also the changes in the concentra-
tions of reac*ants; intermediates, and products in each experiment. This was done by
repeatedly prepraring ldentical systems and then quenching them at various time intervals;
these quenched systems were then analyzed for each component. On the basis of such
experiments, Karmilcva proposed the expression

d{CH,} ay
— B o K(CE) (0,06 R Y (1113
where d{CH, jpayx represents the rate values {"constant rates") obtained from the

dt .
slopes of the straight line portion of the rate curves {zero order plots). The values
of o, B, and y were glven as 1.62, 0.96, and o 0.1 respectively. The sum of these is
approximately 2.7 which agrees well with the value (a = 2.6} obtdined by Egerton et al
{2) but which differs from that of Norrish and Foord {3) (m = 4.0). -

The most recent equation has been proposed by Enikolopyan (6), Semenov (7),
Karmilova {8) and their co-workers on the basis of a theoretical treatment of the
mechanism of the oxidation: '




a(CH; ) oy _ __2;::5 Géz%_) (c8,)(0,) (xv)

dt

In this equation, the k's are rate constants of a series of.free radical .
- reactions and (CH,) and (0,) are instantaneous partial pressures of methane and oXygen.

Although these authors (8) believed that equation IV is in good agreement with
equation ITI, these equations are not identical. The maximum rate in the former (1I1)
expression is dependent upon the initial partial pressures of methane and oxygen and
that in the latter (IV) upon the instantaneous partial pressures of the reactants.
Moreover, equation IV does not agree with many of their experimental results. For
example, equation IV demands that the rate be second order with respect to methane
and first order with respect to oxygen. Yet, the experimental results show that in some
cases the rate of methane and oxygen consumption.and of carbon monoxide formation is
constant up to 50% completion of the reaction (5).

The foregoilng resume makes it clear that ad.ditiona.l evidence is still needed
before the extent of the validity of the previously proposed rate equations and -
reaction mechanisms for the oxidation of methane can be established. Such evidence
is difficult to obtain from the experimental techniques customarily used. Measure-
ments of the changes in total pressure are inadequate for the determination of the
reaction order with respect to methane and to oxygen or of the activation energy.
Also, while the quenching technique can provide such.evidence, it is laborious, time-
consuming, and requires a vast number of separate experiments to examine in detail
all the parameters in the reaction.

In addition to the experimental limitations of the earlier work, the role of
carbon monoxide - the most stable intermediate in the oxidation of methane - has not
yet been clarified. Yet, evidence has shown (5) that the oxidation of methane and
of carbon monoxide occur simultaneously in the later stages of the reaction. Thus,
the rate equation cannot be complete without including an expression for the oxida-
tion of carbon monoxide.

In the present work, the oxidation of methane has been re-examined in detail.
The partial pressures of methane;, oxygen, and carbon monoxide have been followed by
periodic withdrawal and analysis of small samples of the reacting gas mixture by
means of gas chromatography. This technique permits a rapid, convenient, and accurate
analysis for the separate components throughout each oxidation experiment.

Using this new technique, data have been obtained from which the reaction order
with respect to methane and to oxygen can be examined and from which the apparent
energies of activation can be calculated. A study has also been made of the methane-
initiated oxidation of carbon monoxide.

erimental
I. Reactants
Research grade methane, 99.54% pure (Phillips Petroleum Co.) was used without
further purification. Oxygen, 99.5% pure (Liquid Carbonic, Division of General
Dynamics) and carbon monoxide, c.p. krede (Matheson Co.) were dried through a columm
of 5A molecular sleve material (Fisher Scilentifiec Co.) before use.
IT. Apparatus

The apparatus comsists of a gas introduction system, reaction vessel, gas
sampling system, and a gas chromatograph comnected as shown in Figure 1. The gas

e
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chromatograph (Perkin-Elmer Corp. Model 154D) is equipped with a thermistor detector
and & 2-meter column packed with molecular sieve material ("Colum I").

III. Measurements of Partial Pressures

To measure the partial pressures of each of the gases during the oxidations, it.
was pecessary to establish the relation between the chromatographic peak height and
the quantity of each individusl gas. For this purpose, gases were introduced through
inlets 3 to the sampling capillary 9 located between stopcocks C-and D. This capillary,
1l mn I.D. and 70 mm long, contained about 0.08 ml of gas. The pressure of the gas
was measured on manometer 2. C and D are 3-way stopcocks with 1 mm. bore and Teflon
plugs, while E 1s a 2-way glass stopcock with 2 mm. bore. By manipulating stopcocks
C and D and also E, the gas trapped in the sampling capillary was pushed by the carrier
gas, hellum, into the gas chromatograph and a corresponding peak appeared on the
recorder chart. The peak heights were plotted as a function of the pressures of the
gases asg shown in Figure 2. Thus for a given condition, P = aH where P is the gas
pressure, H 1s the peak height, and & is the proportionality constant. The value of
& varies vith the pre-set conditions, such as column temperature, flow rate of carrier
gas, and volume of sampling capillary. In addition, repeated use of the chromatographic
colum may also change a. In the work reported here, the value of & for each individual
gas was re-ascertained before each oxidation experiment.

IV. Oxidation Experiments

For the oxidation experiments, the separate gases were admitted through inlets
3 to the individual gas burets 5. The desired amounts (approx.) of the components
of the reaction mixture were then pumped from the gas burets into the reaction vessel
T using pump _6_ The cylindrical reaction vessel was constructed of borosilicate
glass (30 mm. I.D. with a volume of 100 ml.) end contained a thermocouple well along
its longitudinal axis. In some experiments as indicated below, the vessel was used
without further treatment end in others, it was first treated with hydrofluoric acid;
for this treatment, the vessel was shaken with 20-25% hydrofluoric acid in water,
then washed exhaustively with distilled vater, and dried at L00°C at less than 1 mm.
of Hg.

During the course of the oxidation experiments, the reaction vessel was main-
tained at the desired operating temperatures £1°C by the thermocouple, temperature
controller (Wheelco), variable transformer and furnace §

To determine the composition of the gases in the vessel at the start and during
the experiments, a large fraction {ca. 55%) of the gas mixture was withdrawn from
the reaction vessel and passed through the sampling capillary by lowering the mercury
level in the modified 125 ml Toepler pump 11. Raising the level returned the gas
through the capillary to the vessel. Two cycles were needed before each sampling
in order to obtain reproducible analyses; each cycle required only about 15 seconds.
The small sample of gas {0.08 ml ) was then pushed into the gas chromatograph with
helium as described above. In such manipulations, some helium was inevitably intro-
duced into the reaction vessel during sampling but it appeared to have no effect
upon any of the reactions studied.

Results and Discussion

In many of the experiments reported earlier, carbon monoxide accumulated in much
larger amounts than eny other reaction intermediates, such as formeldehyde or hydro-
peroxide. In addition, Karmilova et 8l (9) were able to show by tracer techniques
that the carbon dioxide formed in the oxidation of methane was produced almost
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exclusively from the oxidation of carbon monoxide. Thus, although the less stable
intermediates may contribute to the mechanism, the kinetics of the overell oxidation
cen be examined in terms of the stepwise reactions represented by equation V and VI,
CH, +3/20, = CO +2H,0 (V)
co +1/20, = CO, (v1)

I. The Oxidation of Methame to Carbon Monoxide (eq. V)

o ——— iV e e,

A. The reaction order with respect to methane and oxygen.. To minimize the effect:
of carbvon monoxide on the reaction kinetics, the ratio of the initial pressures of
methane, PgH , to that of oxygen, Poa’ was increased in some experiments. When the

ratio is a.bo?zt 3 or higher, the reaction 1s zero order with respect to oxygen and

to methane; the results of typical experiments with both untreated and HF-treated
vessels are shown in Figure 3. With such high ratios, the rates of consumption of

- methane and oxygen and the rates of accumulation of carbon monoxide are constant up to
90% completion of the reaction. These rates can be expressed as:

dFy ' 4
- dta = K (vIz)

Feg, Py, '
——ts =2 = 23 . (vIIT) !

where k1 1s the zero order rate constant.

When the ratio of PgB to Pg is reduced to unity or less, the rates are constant

only up to about 30 to 70%4comple%ion. In these experiments, sufficient carbon monoxide
accumulates so that 1t 1s oxidized competitively with methane. The rate equations

(VII and VIII) can no longer be applied for the whole reaction but only for the initial
stage where the rates are comstant (Figure 4).

These constant rates have been observed by all previous investigators but have
been generally identified by them only as "maximum rates" (equations I, II, and ITI).
They were interpreted differently by previous investigators. Semenov (7, 10) has sug- °
gested that the oxidation of methane is a free radical chain degenerating process in \|
which the formation of formaldehyde is the slow step of the reaction and the steady
state of formaldehyde results in a constant rate. This interpretation has been accepted
by meny previous investigators. Recently, however, Karmilova et al (11) found that \
the rate remains constant even when the concentration of formaldehyd.e undergoes a '
marked decrease and, therefore, the postulation of the steady state concentration of
formaldehyde as a controlling feature of the reaction is untenable. To explain these
constant rates, they proposed that the oxidation of methane undergoes additional
catalysis by one of the reaction products formed after formaldehyde. The observed
constant rate may then result from a superposition of the rates of two autocatalytic
processes, the increase in the rate of one due to oxidation of methane being compensated
by the decrease in the rate of the other. They suggested several possible additiomal '
catalysts, such as hydrogen peroxide, hydroxy radical, e‘cc. No evidence was given to
support this view.

B, The effec‘c f initlal pressures of methane and oxygen. The results for the
effect of PY on the value of k‘:. are shown in Tables 1 and 2. In general,
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k, increases with increasing either PO or Pg , or both. PC‘H has more effect upon
2

CH
4 4
than does Po . An empirical equation is proposed to account for the dependency of
0a .

k, on the initial pressures:

03 0
., Fex, Fo, '
K, =k & —t 2 ()
P 40
cx,* o,

where k{ is a pressure independent rate constant. The values of k; are listed in
Colum 5 of Table 1 and Column 6 of Table 2. The validity of equation IX is indicated

%, %

by the linear relaticnship in the plot of k, vs -0—4—03 for the reactions at .
P +P
CE, "0,

different temperatures in an HF-treated vessel as shown in Fig. 5. For the reaction

P03 p°

CH 0
in an untreated vessel, k, at 399°C increases linearly with _oﬁ..__.o_a. until it
Fer,* Fo
4 2

appears to reach a limiting value of about 0.17 mm, min-! (Figure 6).

The increase in the maximum rates ("constant rates™) as the initial partial
pressures increase - observed in this as well as in earlier work (equatioms I, II
and ITI) - is not accounted for by equation IV which is based on a free radical chain
reaction mechanism.

The apparent energy of activation for the oxidation of methane calculated from
k! values at four different temperatures (Figure 7) is 36.2 kcal/mole. This value
differs from the values [43 (5, 6), 60.8 (12), and 61.5 (13)] obtained by earlier
workers from the maximum rates.

C. The induction pericd. For the reactions below 455°C , an induction pericd
has been observed which ranges from 1 min. to 350 min. as shown in Tables 1 and 2.
The initial pressures of methane and oxygen affected this induction period but the
exact relationship remains to be established. In general, the reactions in the
untreated vessel had longer induction periods than those in the HF-treated vessel.
It was noted that the induction period was extremely long when an untreated vessel
wvas used for the first time. Also, the induction period is longer for reactions at
lower temperatures than those at high temperatures. At 482°C and above with an
HF-treated vessel, the inductlon period is negliglble.

II. Methane-Initiated Oxidation of Carbon Monoxide (Equa.tiou vI)

In the course of the oxidation of methane when the ratio of the partial pressure
of carbon monoxide to methane becomes appreciable, then the rate of disappearance of
methane no longer follows the zerc order equation (eg. V). Additional attention must’
therefore be devoted to the oxidation of carbon monoxide and to the role it plays in
the oxidation of methane. ’
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The oxidation of carbon monoxide itself requires temperatures of about 1000°C
(14); however, in the presence of water vapor, this temperature may be lowered to
about 400°C (15). There is no doubt that methane can also initiate the oxidation of
carbon monoxide (15). A detailed study of this reaction is presented below.

A. Reaction in the presence of water. Since water. can also initiate the oxida-
tion of carbon monoxide, a comparison was made betwéen the ‘effect of methane and. that
of water. As shown in Fig. 8, when the mixture of carbon monoxide, oxygen and water
vapor was heated at 427°C in an HF-treated vessel, the oxidation was slow. It became
fast after methane was introduced. .

B. Reaction order with respect to carbon monoxide and oxygen. In. these experi-
ments, dried carbon monoxide and oxygen were introduced into the HF-treated vessel
at various temperatures ranging from L27° to 516°C. The reactions were extremely
slow. However, the rate of reaction increased rapidly when a small amount of methane
was introduced. The results of one such experiment are shown in Fig. 9. In all the
present results, the methane-initiated oxidation of carbon monoxide is a second order
reaction, first order with respect to carbon monoxide and to oxygen. The rate can be
expressed as: '

dco _
- =% = %o o x)

where k, is the second order rate constant. The temperature dependence of ky (Fig. 7.
and Table 3)leads to an apparent activation energy of 60.7 keal/mole.

As shown in Fig. 9, the linear relationship of the second order plot was main-
tained despite the decrease in pressure of methane from 13 mm to almost zero during
the course of the reaction. This was observed in every experiment on the methane-
initiated oxidation of carbon monoxide. k, does not depend, therefore, upon the
instantaneous pressure of methane. Instead, there appears to be some relationship
(Table 4) between k, and the initial pressure of methane - analogous to that exhibited
by k:. - although no satisfactory correlation has yet been obtained.

In another type of experiment (Fig. 10), additiémal carbon monoxide was added to
a reacting mixture of methane and oxygen (and carbon monoxide produced) when the
methane had decreased to 3.2 mm. A linear relatiomship was again obtained for the

: 2P.' = P .
. < .
second order plot of 10g ——2w—_ versus time t. In this expressionm, Po' is the
co 2

pressure of oxygen at the time when carbon monoxide was introduced, Px is the pressure
of carbon dicxide produced after that time, and PCO is the instantaneous pressure of
carbon monoxide. In thls experiment k,, 8.9 mm, min=l, was determined from the initial
rate of consumption of oxygen and k,, 8.2 x 107 mm~!, mu~!; was obtained from the
slope of the second order plot. This value of k, agrees well with those of Table 3
and once again appears to be related to the initial pressure of methame. If it
depended upon the instantanecus pressure of methane when the carbon monoxide was added,
viz. 3.2 mm, k, should be below 2.6 x 1075 mm-!, mn-1- (Table 4).

IITI. Nature of the Oxidative Process

In the present work, during each sampling procedure, about 55% of the gas mixture
was vithdrawn from the reaction vessel to the Toepler pump at room temperature for
-about 15 seconds and then returned to the vessel. In the second cycle, this was re-
peated so that more than 80% of the reaction mixture may have been quenched during
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each sampling. Even in the experiments which had relatively long induction perioeds,

the sampling procedure had no discernible effects upon the rate curves. Therefore, it
appears that the oxidation of methane must be & heterogemeous reactlon inasmuch as
quenching would affect the kinetics of a homogeneous reaction. Also, the apparent
energy of activation for the oxidation of methane is 36.2 kcal/mole whereas that of
carbon monoxide is much higher, i.e., 60.7 kcal/mole. It is difficult on the assumption
of a homogeneous reaction to reconcile this wide disparity in energies of activation
with the observations that both gases oxidize competitively during the reaction.
Likewvise, the rate of oxidation of methane depends upon the initial pressures of methane
and oxygen rather than upon the instantapeous pressures as would be expected for a
homogeneous reaction.

Sqme consideration of the possible nature of the heterogeneous process is
warranted. On the basis of the present results, it appears that methane and oxygen
react initially to form certain active sites or intermediate complexes on the sur-
face of the reaction vessel. These active sites in turn can catalyze the oxidation
of both methape and carbon monoxide which are zero order and second order reactions,
respectively. The activity of these sites per unit area depends upon the initial
concentrations and remains constant throughout the reaction. As the oxidation proceeds,
carbon monoxide is produced in the reaction. This product in twrn competes with the
methane for the same active sites. A similar suggestion has been made by Von Meersche
(16). As the concentration of the carbon monoxide becomes significant with respect
to that of methane, then the consumption of methane deviates from the zero order rate.
If the methane and carbon monoxide did not compete for the active sites but instead
competed for the remaining oxygen, then the zero order rate for the consumption of
methane should remain constant throughout the reaction. However, this bas not been
observed.

The detailed mechanism of this reaction and the nature of the active sites
remain to be studiled.

Summarz

l. A stepwise oxidation of methane to carbon monoxide and then to carbon dioxide
is demonstrated. The oxidation of methane to carbon monoxide is a zero order reaction
with respect to both methane and oxygen. The zero order rate constant 1s dependent
upon the initial pressures of both methane and oxygen. The correlation of this con-
stant with initial pressures is indicated by an empirical equation. The apparent
energy of activation for this reaction was calculated to be 36.2 kcal/mole.

2. The reaction in an untreated vessel has a longer induction period and slower
rate than that in an HF-treated vessel.

3. The oxidation of carbon monoxide is initiated by methane or its oxidation
product and is a second order reaction, first order with respect to oxygen and to
carbon monoxide. The second order rate constant appears to vary with the initial
pressure of methane. The apparent energy of activation for this reaction is 60.7
kecal /mole.

4, The oxidation of methane appears to be a heterogeneous process. It is sug-
gested that during the induction period, methane and oxygen react to form active
sites or intermediate complexes on the surface of the reaction vessel. Methane and
its oxidation product, carbon monoxide, then compete for these sites rather than for

oxXygen.
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Table 1 ~ (Oxidation of Methane in an HF-Treated
Vessel at Various Temperatures

#£2 was in a new vessel used for the first time.

y 5
9 0 LTI mguetian
Expt. No. T9C Pg m P‘éﬂ o mm,min. m - ,min Period,min.
> 4
32 39 127 317 1.5 5.22 40
33 “ 83.4 364 hRYAA 5.83 35
34 - 380 33 3.02 5.18 16
35 . 378 18 0.89 5,65 20
36 27 39 151 2.82 17.1, 1,
37 . 151 34 6.5 18.0 5
38 u 154 126 1.7 19.5 10
39 . 154 346 5.64 15.3 4
40 " 372 364 1.7 17.5 5
Qa 454 347 161 8.0 45.2 3
2 " 185 355 18.2 i2.2 1
43 " 115 106 2.55 A A 3
Lh u 204 187 8.9 48.9 3
45 e 265 234 16.6 57.1 3
46 " 312 306 3.2 49.1 4
47 R 308 mn 33.0 52.9 4
2, 482 383 306 47.5 86.4 <1
25 " 209 298 32.0 87.4 "
26 » 122 308 23.1 86.2 "
27 “ 278 267 3.5 101 "
28 " 196 272 32.5 105 "
29 " 186 107 6.5 9.4 "
30 . 112 %2 28.3 98.1 "
31 " 11 346 24.3 83.6 "
Table 2 — Oxidation of Methane in an Untreated
Vessel at 399°C
PY ,m PRy »m ey 1 _lkl' a Induction
Expt. No. 2 am,min, mn _,min. Period,min.
2 79 408 0.13 48z 107 350
3 9.4 306 0.17 7.0 x 107 55
4 26 288 0.17 47 x 1078 50
5 15 265 0.16 6.3 x 1070 48
6 83.6 213 0.15 8.6 x 1070 56
? 39 372 0.15 1.4 x 107 )
8 % Ein 0.16 8.6 x 1070 50
9 %3 m 0.042 5.0 x 107 150
10 220 .4 0.043 1.2 x 10'? 60
1u 236 156 0.17 12,0 x 107 40
12 280 9% 0.06 9.0 x 107 40
13 267 95.5 0.033 8.6 x 1070 50
L 179 75 0.05 12.7'x 107 120
15 246 120 0.06 6.2 x 107 150
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Table 3 - Dependency of k2 on Temperature

Expt. No. PgHA, mn
£104 13.0
£98 12.5
E103 13.5
EY9 14.0
£102 13.4
E101 11.0

Table 4 - Dependency of k

T°C
. 516
516
504
482
482
454

2

kz,n'l ,min™t

1.70 x 107%
1.20 x 107
7.36 x 1077
2.27 x 1079
3.125 x 1072
5.5 x 10'6

an PY,  (482°C)
4

Expt. No.

P2

ky

118
116
17
115

37mm 2.6 x 1070 m™Y, ain?
4.8 x 1070 '
5,0 x 1072

6.7 x 1070

8.1

1.4-9
19.7
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Reaction system. 1. Vacuum inlet; 2. Manometer; 3. Gas inlet; 4. Pressure relief device;
Gas burets; 6. Mercury pump; 7. Reaction vessel (100 ml.); 8, Furnace; 9. Thermocouple;
10. Sampling capillary; 1l. Toepler pump {125 ml.); 12, Gas chromatograph; 13. Recorder.
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Rate curves for the oxidations of methane at 399" ¢C. O, O @, CH4; A, CO.
Broken lines, untreated vessel (E3); solid lines, HF -treated vessel (E32).
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Rate ¢urves for the oxidations of methane in HF -treated vessel at 427° C.
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Fig. 7. =  Arrheaius plot for the determination of the apparent activation energy.
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Fig. 8. - Oxidation of carbon oxide in the pr of water (22 mm. of Hg) and methane at 427 C (E60).
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New Developments in Catalysts for Producing a Figh-B.t.u..
Gas via the Hot Gas Recycle Process

A.J. Forney, J.H. Field, D. Bienstock, and R.J. Demski

Pittsburgh Coal Research Center
U. S. Bureau of Mines
Pittsburgh, Pa.

INTRODUCTION

A high-B.t.u. gas cen be produced from coal by gasifying the coal to make
Ho#C0, and then reacting these gases, after purification, over a catalyst to make
a gas consisting essentially of methane. (A satisfactory high-B.t.u. gas would
nave a minimum calorific value of 900 B.t.u. per cubic foot and a maximum carbon
monoxide ccntent of 0.1 percent.) A methanation process under develorment in the
Federal Bureau of Mines at Bruceton, Pa., at the present time is the hot-gas-
recycle process.

In the hot-gas-recycle system the exothermic heat of reaction (about 280
B.t.u. per cubic foot of methane produced) is absorbed by the sensible heating
of large volumes of recycle gas circulating through the reactor in direct contact
with the catalyst. Because of the large volumes of gas and the high cost of com-
pression, it is necessary to have a low pressure drop through the catalyst bed.
The development by the Bureau of an active, durasble catalyst made of steel lathe
turnings that pack with 2 high void volume and offer little resistance to flow
made the hot gas recycle feasible. '

This peper describes methanation in two stages using a steel lathe turning
catalyst in the first reactor and nickel catalyst in the second to complete the
conversion of synthesis gas. 3y this method the smount of nickel catalyst neecded
is considerably less than that usually required in methanation prccesses. Previous
results have beey reported for use of granular Raney nickel as catalyst in the
second reactor. In this varer pilot plant results are shown ccmparing cperation
of the second reactor with gramular catalysts and with nickel catalysts in the
form of plates either of solid Raney nickel or nickel sprayed on steel or aluminum.
These latter materials offer a negligible flow resistance and permit efficient use
of a small amount of expensive nickel .catalyst.

Table 1 shows the principal reactions occurring in the synthesis. Equations
1 and 2 are the synthesis reactions for the formation of hydrocarbons. Equation
3 is the water gas shift reaction. Zquation 4 is an undesirable carbon deposition
reaction, and 5 the carbide reaction. All these reactions are exothermic at
synthesis temperature of 300° C.

[ N




TABIE 1. Reactions occurring in hot-gas-recycle process

1. 3H> +CO = CHy + H0

2. 2nHz 4+ nC0 = (CHz)y + nHz0
3. Hz0 + CO = COz + Hp

L, 2co = COz + C

5. 2C0 + 2Fe . COp + FepC

EXFERIMENTAL FROCEDURE AND RESULTS

A flowsheet of the hot gas recycle process 1s shown in figure 1. Two re-
actors are used in series, the first, using steel lathe turnings, converts 70-90
percent of the synthesis gas, and the second, using nickel, converts essentially
the remainder. The total feed gas passes down thirough the first reactor, then
through a cyclone trap and is divided. Part flows to th€ second reactor; the
remzinder is recompressed to 425 p.s.i.g. and recycled to the reactor, 30 to 95
perzent as hot recycle and the balance as cold recycle. As water is condensed
and removed Trom the cold recycle, the amount of cold recycle is used to coatrol
tne water vapor content of the total recycle gas. The synthesis gas then combines
with the recycle gas and flows to the main reactor.

The tail zas {lows to the second reactor which is operated at & lower recycle
rate. In the absence of a hot-gas compressor, it was necessary tc cool tne whole
recycle stream. The product stream is depressurized, metered, and analyzed.

Table 2 snows tne results of typical tests operating with 3H+1CO feed gas
using ope or two reactors. Tne first column shows results acnieved using oniy
one reactor which contained steel turnings as catalyst. The turnings had teen
oxidized witn steam and reduced witn nydrogen to produce an active catalytic
surface. Tne calorific value of tne product gas was 720 B.t.u. per cubic foot.
Tne carbon monoxide content was 2.1 percent. Tne methane content was 31.9
_erient with significant guantities of etnare and propane. Tne feed-zas con-
version was 33.4 percent. The second column of tne table shows results obiained
with both reactors operated in series. The second reactor coatained Raney
nickel of L-20 mesh size. The heating value of the product gas increased o
335 B.t.u. per cubic foot, and the carbon monoxide content decreased to 0.1
percent. Tane methane coatent was 33.5 percent. In addition to methanating the
carbon monoxide, most of the carbon dioxide reacted and the heavier nydrocarbons
cracked and were hydrogenated to methane.

Because the Raney nickel catalyst used in the second reactor was in the
form of granules, the pressure drop across the second reactor was hnigher than
desirzsd for hot-gas-recycle operation. Raney nickel is too brittle to ve
machined to lathe turnings, the physical form used for the catalyst in the
£irst reactor. To overcome this difficulty, two types of nickel catalyst
plates were devised. Plates were sawed from an ingot of Raney nickel and
assembled in a parallel array to fit into the 3-inch diameter reactor as shown
in figure 2. Flates were 5-3/4 inches high and 1/8 inch thick. A second type
consisted of assemblies made of steel or aluminum plates sprayed with Raney
nickel powder or nickel oxide powder using a oxy-hydrogen or oxy-acetylene
torch. Thne powder of 100-300 mesh size was sprayed on l/lé-inch plates to a
thickness of 0.040-0.060 inch on each side and edzge. An average of 330 grams
of Raney nickel or 250 grams of nickel oxide was on the surface of each
assemcly .
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TABIE 2. Synthesis results using cne or two reactors;a steel r
turpings in first reactor, granular Raney )
nickel in second
: !
Reactors ’ i ‘ 2
Space velocity to first reactor, vol. of
gas/vol. of catalyst/nour 850 ' 850 ‘
Space velocity to second reactor ——— i 10,000
Exit gas analysis (vol.-percent-dry basis) '
Hy- , L8.6 2.8
co 2.1 0.1 (
: Ng 0-5 .8
CO2 6.3 1.b4
Ci 31.9 93.%
Cp= 0 0 . 1
Cz 5.4 c.9 !
Ca= 0.2 .1 |
Cs 2.9 .3 A
Cu+ 1.6 .1 ‘
Heating value, B.t.u./cu. f£t. 720 586 4
H=>+CO conversion, percent 83.h 39.3 :
Avg. temperature, °C. 1st reactor 320 319 .
Avg. temperature, °C. 2nd reactor --< 321 {
3/ Io+IC0 feed to The Tirst reactor. {
The plate assemblies sprayed with Raney nickel were activated by digesting
with a 3-percent NaOH solutiorn to remove 20 percent of the alumimm. Those
sprayed with nickel oxide were activated by reducing witn bydrogen. The nickel
oxide was a sinter material of the camposition shown in table 3.
TABIE 3. Analysis of Raney nickel and nickel oxideé/ 1
B 1
Material Raney nickel ickel oxide
Wickel 42-10 7h.2
Aluminum 58-60 : \,
Cobalt ' . . 1.0k :
Iron 1.0k !
Copper - 0.73
Sulfur .13

Lo

a/ Weight percent.

Aith the steel turnings teing used as a catalyst in the first reactor,
consecutive tests were made using solid Raney nickel plates, stainless steel
plates sprayed with Raney nickel, and aluminum plates sprayed with nickel oxide
sinter in the second reactor. At comparablé conditions the pressure drop was
reduced about 90 percent, from 17 inches with granular Rerey nickel; to less
than 2 inches of water per foot of catalyst neight, with plates.
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Table L shows other results of these tests. Excepi for the carbon monoxide
content, a satisfactory high-B.t.u. gas was produced. No significant difference
in catalyst activity or product composition was observed with these three
catalysts in the second reactor. Since the nickel oxide sinter is as satis-
factory &s the Raney nickel as a catalyst for the second reactor, it would be
preferred as 1t costs only one-third as much per weight of nickel.

a
TABIE 4. Results of tests using plate assemblies in second reactor‘/

First reactor Second reactor
Solid Raney nickel Nickel oxide
] steel Raney sprayed sprayed
Catalyst turnings plates plates plates
Space velocity,
vol./vol./hr. 700 6000 5800 5700
Avg. reactor temp., °C. 321 332 33K 329
Hz+CO conversion, percent 73.8 97.3 93.0 97.5

Exit gas analysis,
(vol.-percent-dry basis}

Haz 56.7 9.0 7.5 3.0
co k.0 1.8 0.8 0.8
N2 I.1 0.7 -3 )
€02 8.7 2.4 2.1 2.6
CHy 23.6 8.5 87.2 85.1
Ca= 0 0 0 o]
Ca 3.5 1.0 1.0 1.1
Ca= 0.1 0.1 0.3 0
Ca- 1.7 A 3 b
Cy= 0o 0 0 0
Cy+ .6 .1 0 .1
Heating value, B.t.u./cu.ft. 566 25 43 921

a/ 3Hz+1CO feed to the first reactor.

An advantage of the flame-spraying technique is evident with the nickel
oxide. WNickel oxide granules disintegrated to powder on reduction with hydrogen
at 400° ¢. Although the material was active catalytically, it had no mechanical
strength. However, the nickel oxide sprayed on plates adhered firmly to the
base metal after reduction. Thermal spraying may be applicable to other
catalysts which are catalytically active but structurally weak.

Because the plates operated satisfactorily in the second reactor, a few
tests were made using them in the first reactor. Table 5 shows the results
of these tests. The solid plates of Raney nickel made a product gas with a
heating value of 941 B.t.u. per cubic foot. The use of plates sprayed with
Raney nickel resulted in gas with a heating value of 877 B.t.u. per cubic foot
and the plates sprayed with nickel oxide, 856. 1In all cases the carbon monoxide
content exceeded 0.1 percent. The plates sprayed with Raney nickel were
operated at an average temperature of 255° C. When the temperature was raised to
over 300° C. they became inactive.
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TABIE 5. Resulis of tests using pilate assemblies in first reactor
Solic Raney Mio0 cn
Raney gickel aluminum or
oickel on stainless stainless steel
Catalyst plates steel plates plates
Space velocity, vol./vol./hkr. 1250 1500 3000
Avg. reactor temperature, °C. W7 2535 39
H4C0O conversion, rercent $9.0 93.1 5.4

Exit gas analysis
(vol.-percent-dry basis)

Ho k.2 22.6 1k.5
co Cc.3 k.3 1.7
Na 1.3 0.k 1.2
Coz 2.7 0.2 3.3
CH), 9L.4 63.5 79.3
Com 0 0 C
Cz 0.1 k.5 0
Ca= c 0.1 0
Ca 0 1.7 C
Ck= 0 0.1L 0
Ciyt 0 0.7 0
Heating value, B.t.u./cu.ft. 41 81T 336
a/ 3Hz+1CO reed gas.
DISCUSSION

At an hourly space velocity of 6,000 and 330° C., sprayed nickel and solid
Raney nickel plates produced a2 ggs with the desired calorific value wben used
in the second stage of the hot gas recycle pilot plant. However, at this space
velocity carbon monoxide values of 0.8 to 1.8 percent were too high. When
used as a catelyst in the first reactor, at an hourly space velocity of 1,250
and 347° C., tkhe solid Raney nickel plates produced a product gas of 941 B.t.u.
per cubic foot and a carbon monoxide content of 0.3 percent, whereas the sprayed
sections in the first reactor produced a gas that was ursatisfactory in both
respects, calorific value and carbon monoxide content.

This difference in results between the solid Raney nickel .plate assemblies
and the plates sprayed with Raney nickel may be due to several factors:
1) The coating may have teen too thin and the digestion procedure did not
activate sufficient nickel; 2) the coating did not adhere to some of the plates,
indicating either faulty sand blasting or spraying technique.

These nickel sections have advantages over steel lathe turnings. Higher
conversions and higher heating value gas can bte achleved in the first reactor;
they can be operated at temperatures as high as L450° ¢. without significant
carbon.deposition; they are less susceptible to oxidation by steam, which
means that the water vapor content of the recycle gas can ve greater (less cold
recycle gas). The pressure drop is less than with steel turnings, and because
a greater temperature differential can be tolerated, a lower recycle flow is
required. This decreases the cost of recompressing the recycle gas considerably.
Other factors to be determired are the relative lives of the nickel and steel
catalysts and their selective sensitivities to sulfur poisoning.




T —p———

135.

Other materials such as magnetite ore, fused iron oxide, and cobalt oxide
have been sprayed on steel sections and tested in bench-scale units, but none
were as active as the materials discussed.

CONCIUSIONS

While a good high-B.t.u. gas has been produced in one reactor using sprayed
plates in the hot gas recycle process, it is not completely satisfactory
according to the specifications. More tests are necessary to determine the
optimum operating conditions to make a gas to meet this standard.

This technique of flame spraying catalysts on inert forms may have
applications to other processes than hydrocarbon synthesis. Many metals and
metal oxides can be sprayed. It is possible by proper technique to remove
the base metal from the sprayed material and have a shape composed entirely of
the catalyst.
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y of Raney nickel catalyst.

Parallel plate assembl

Figure 2.

7~ N~

R — P R S . A S G U, I W ez TN e m



